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Abstract
Axion, a hypothetical particle that is crucial to quantum chromodynamics and dark matter
theory, has not yet been found in any experiment. With the improvement of laser technique, a
much stronger quasi-static electromagnetic field can be created in laboratory via laser-plasma in-
teraction. In this article, we discuss the feasibility of axion’s exploring experiment using planar
and cylindrically symmetric laser-plasma field as background while probing with an ultrafast su-
perstrong laser or an x-ray free-electron laser with high photon number. Compared to classical
magnet design, the axion source in laser-plasma interaction trades the accumulating length for the
source’s interacting strength. Besides, a structured field in the plasma creates a tunable transverse
profile of the interaction and improves the signal-noise ratio via the mechanisms such as phase-
matching. We give some simple layouts and estimate detectable parameters like axion production
and probe’s polarization rotation, which reveals the possibility of future laser-plasma axion source
in laboratory.
∗ Correspondence: bfshen@mail.shcnc.ac.cn
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I. INTRODUCTION
The model of axion was first proposed in 1977 for the strong CP problem in quan-
tum chromodynamics (QCD) [1–3]. As a result of Peccei–Quinn mechanism, this mas-
sive electric-neutral pseudoscalar Goldstone boson balanced the charge-parity asymmetry in
QCD Lagrangian. The following experiments suggested that the interaction between axion
and photon is extremely weak [4–6] and implied the “invisible” axion and several dozens of
axion-like-particles (ALPs) as a major candidate to dark matter [7–11]. Nonetheless, these
hypothetical particles have never been confirmed in any of the four-decade experiments.
In principle, there are two ways to enhance a weak interaction: elongating the effective
length and intensifying the interaction. In the interstellar scale, it is believed that photons
from remote stars turn into axions under the influence of omnipresent background fields.
Inside stars like the sun, axions are supposedly created in the ultimately strong electro-
magnetic fields that caused by inertial confinement fusion or other interactions. For the
laboratory experiment with its scale varying from kilometers to micrometers, the strength
of interaction plays a more and more important role for artificial axion source. Thus, laser
with extremely high intensity and the ability to provide an ultrastrong electromagnetic field
has its unique potential in the “table-top” axion verification.
In the minimal axion models like the KSVZ model [12], one axion couples with two
photons. Viewing from a macroscopic perspective, one can treat this axion-photon-photon
(“aγγ”) process as a three-wave mixing. Several schemes based on the process have been
carried out. For example, CAST, and later the planned IAXO, a helioscope with a several-
meter-long magnet was built to detect possible axion flux from the sun [13–18]. In the
helioscope, the strong magnet converts solar axions back to detectable photons. And some
plans with a well-designed cavity [19–23] or microcavity in circuits [24] amplify the weak
signal of converted photons from microwave to visible bands and improve the signal-noise
ratio (SNR). Besides the experiments that depend on possible natural axions, it is possible to
create artificial axions using photons. Light-shining-through-wall (LSW) experiments [25–
36] were proposed and conducted where probe photons were expected to regenerate after
converting into axions and traveling through a wall while the unconverted were blocked. The
change of the probe’s state before the regeneration is also a proof of axion’s existence, which
was once used to explain a mistaken experimental result [37, 38]. It is worth mentioning that
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the “aγγ” process and vacuum light-light scattering and birefringence [39–42] are similar in
many ways. One of the reasons is that their Lagrangians have alike factors, although the
simplest vacuum light-light scattering is a process of nonlinear four-wave mixing. A kind of
axion-regeneration experiments called “axion four-wave mixing” was conduct [43, 44] where
axion worked in the middle as the electron-positron pair in QED vacuum four-wave mixing.
Some detailed discussions concluded the influence of axion on the vacuum QED experiments
exists and gave their estimations [45–48]. In addition to the “aγγ” process, there are some
other schemes, predicted by the DFSZ model [49], based on the direct coupling between
axion and lepton (electron for example) with the present of strong electromagnetic field [50].
In the context of the “aγγ” process, the models of QCD axion and other ALPs are
distinguished by three key parameters: the particle’s massma and decay constant fa, and the
interaction coefficient gaγγ. Widely speaking, the astrophysical and cosmologic observations
and the null-result experiments constrained the QCD axion’s mass in 10−6 to 10−2 eV. The
recent CAST result limited gaγγ < 0.66 × 10−11 GeV−1 for ma < 0.02 eV [16]. Beyond
the minimal invisible axion models, serial models of pseudoscalar or scalar ALPs with their
masses range from 10−34 to 1015 eV can be easily found.
The electromagnetic field in ultrafast laser-plasma interaction has attracted some re-
searcher’s attention [51–53]. There are two main reasons. One is the strength. Labora-
tory laser-plasma acceleration of charged particles [54–57] has made its success. Today
the accelerating electric field can reach as high as 1012-V-cm−1 level using the planned or
under-construction 10- or 100-PW laser [58–62], much stronger than a state-of-the-art 100-
T magnet (equivalent to 3 × 108 V cm−1). The other is the dispersion. The existence of
axion’s mass has made a nuisance in the detectors based on “aγγ” process because photons
are massless, though it is overlooked in a short interaction of light ALPs. In plasma and
other material that modifies laser’s field and introduces a slight dispersion term, the phase
of ALP during the interaction can be tuned and matched and the signal therefore enhanced.
Moreover, due to the ultrafast stimulating process, the created axion pulse will be as short
as the laser’s. With the help of coincidence detection, one can significantly suppress the
white noise and increase the SNR thanks to the short time.
In this article, we investigate the generation of axion’s flux in a three-wave mixing between
the strong quasi-static electric fields in plasma and an ultrahigh power optical laser or
a strong x-ray free-electron laser (XFEL). The calculation is based on the effective-field
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theory to the “aγγ” process. Two models of static electric fields will be examined. The
first is a planar model where the electric field is like the one within two separated charged
planes, which appears in the laser-plasma target normal sheath [55, 56] or a light pressure
compressed foil [57]. The second is a model with cylindrical symmetry which appears inside
a laser-plasma wakefield [54] or around a well-collimated charged particle beam. Although
we base our calculation on a specific kind of field structure, the results are applied to other
kinds of designs, like the tight-focused lasers.
II. MODEL
For pseudoscalar axion and ALP models, the effective-field Lagrangian density of the
“aγγ” process is
L = −1
4
gF˜µνF
µνψ. (1)
The subscript under the coupling coefficient g in this and later sections is omitted, and the
natural Lorentz–Heaviside units are used as c = ~ = ǫ0 = 1. Symbols F and F˜ stand for
the normal and dual electromagnetic field tensors; ψ is the axion’s field. The effective field
predicts the generation of axion as a result of Klein–Gordon equation for spin-zero particles
with a stimulating source proportional to the anisotropy invariant of electromagnetic field
(∂2 +m2a)ψ = gE ·B. (2)
A. planar background field
Shown in Fig. 1 as a simplized view, in a one-dimensional interaction, a probe (“pb”)
photon annihilates while traveling in a background (“bg”) field and a spinless massive axion
is created. Under the slow-varying envelope approximation (SVEA), we treat the probe
laser beam as a plane wave transmitting along the longitudinal x-axis with a magnetic field
Bpb,I = B0eˆpb exp {−i(ωt− kx)}. (3)
The vector eˆpb of probe in Eq. (3) indicates the probe’s polarization which can be y/z linear,
left/right circular, azimuthal/radial, or other combination of two independent polarization
states. Noticing the SVEA is a pretty strong constraint, one should choose the probe
carefully. For instance, a tight-focused laser beam can only be treated as plane wave in a
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FIG. 1. A sketch of the conversion of axion or ALP from probe photon in a background field. In
quantum view, this process involves one ALP and two photons from probe beam and background.
short Rayleigh distance from the focal point. The other factor is the background electric
field. It can be (I) uniform (in the interaction area) or (II) having designed transverse
structure. For the first layout, the electric field goes as Ebg,I = E0eˆbg. We denote
p = eˆpb · eˆbg (4)
as polarization factor, which is a constant if the probe and background fields are of the
same polarization pair mentioned above. Under these assumptions, the three-wave-mixing
of “aγγ” process gives an axion’s wave function as
ψI =
igpE0B0L
2ka
exp {−i(ωt− kax)}sinc
{
1
2
(k − ka)L
}
. (5)
The result in Eq. (5) is an accumulation of axion during a SVEA probe beam transmitting
for a length L along the x-axis. The amplitude of the stimulated axion field is inversely
proportional to the axion’s momentum ka =
√
ω2 −m2a when the axion’s energy is assumed
equal to the probe photon’s. In the case of light ALPs, obviously, ka = ω. Ignoring the
phase mismatching, one can obtain the axion production in this process as
NI = ma|ψI|2V = 1
2
mag
2E20L
2p2
ω
k2a
Npb (6)
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FIG. 2. The dephasing lengths in the planar model of 1-eV optical laser (solid line) and 10-keV
XFEL (dashed line) as probes in the “aγγ” three-wave-mixing process for different ALP mass.
The phase-matching effect cannot be neglected in long interactions with heavier ALPs, which have
stronger coupling with photons.
which is also the probe photon’s loss. In Eq. (6), V stands for the “volume” of stimulated
axion beam which is approximately in the same size of the probe’s, and hence Npb is the probe
number. The axion production is determined by several factors: (i) the phase-matching
effect, (ii) the axion model and the background electric field and length, (iii) the probe’s
photon number and frequency, and (iv) the repetition times of probe. We will analysis these
factors in the rest part of this section. The last sinc factor in Eq. (5) is contributed by the
phase-matching effect. It gives a dephasing distance
Ld =
2π
k − ka ≈
4πω
m2a
(7)
if ω >> ma. Taking ω = 1 eV and ma = 10
−3 eV, one can find the distance to be 2.5 meters,
and omittable one in the almost all strong-field laser-plasma experiments. But for heavier
ALPs above 10−1 eV, the distance is shortened down to under several hundred micrometers.
In a experiment looking for the change of probe’s polarization state, a square root of the
ratio of axion production NI and probe photon number Npb is proportional to the ellipticity
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or polarization rotation. For instance, if the direction of background field is set as eˆbg = eˆy
and the probe eˆpb = (eˆy ± eˆz)/
√
2, then only the probe’s component with y polarization
contributes to the axion production and losses photons, leaving the z-polarized unaffected.
The probe beam was orginally 45°-linear polarized and after the “aγγ” process it has a
polarization rotation of
ǫ =
√
2NI/Npb ≈ √magξ p√
ω
. (8)
The alike relations also apply for the other pairs of polarization combinations. Before con-
tinuing the discussion, viewing from the side of source, we introduce two coefficients
ξ = E0L, (9a)
χ = Npbω/k
2
a ≈ Epb/ω2, (9b)
if ω ≈ ka. The probe beam’s energy is denoted by Epb. The coefficient ξ describes the
background and χ the probe. The detection is bound for axion production NI and polariza-
tion rotation ǫ. Viewing from the side of detector, aside from the polarization factor p, the
rotation of polarization is determined once the probe’s frequency is chosen. Depending on
the detector’s sensitivity ǫmin, the minimal ξ for different probes can be calculated using Eq.
(8). And then with Eq. (6), the minimal probe photon number, affecting the quantity of
stimulated axion, can be obtained. Lastly, the quantum reaction statistically happens after
repeating R ≥ 1/NI times. The details of relevant calculation of thresholds will be carried
out in Section III.
B. Cylindrically symmetric background field
The above discussion of the first layout with one-dimensional laser-plasma field is a bench-
mark of axion production as in a near-field three-wave-mixing process. The second layout
we are about to investigate, however, can improve the signal-ratio noise and help the de-
tection focus on a particular kind of ALP with certain mass. In this layout, a cylindri-
cally symmetric electric field Ebg,II = E0fE(r)eˆbg interacts with the probe’s magnetic field
Bpb,II = B0fB(r)eˆpb exp {−i (ωt− kxx)}. The radial distribution functions of the electric
and magnetic fields are separately fE and fB, and the interaction is corresponding to their
product f(r) = fEfB. Due to the possible existence of radial momentum, the probe photon’s
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longitudinal momentum kx is unnecessarily equal to its energy ω. Under similar assumption
and methods, the axion’s wave function can be obtained as ψII =
∑
m ψIIm and
ψIIm =
igpE0B0L
2ka
exp {−i(ωt− kax)} · sinc
{
1
2
(
kx − ka + k
2
m
2ka
)
L
}
fmJ0(kmr), (10a)
fm =
2
ρ2[J1(kmρ)]2
∫ ρ
0
f(r)J0(kmr)rdr. (10b)
The extra momentum relating to the axion ka’s transverse component is defined as km =
um/ρ, where um is the mth zero point of Bessel J0 function, and ρ is the radial bound of
interaction region. The difference between the two layouts is mainly in the phase-matching
term as the sinc function. In a reaction with short L, their results are the same. But with
a long-enough interaction length, only a certain ψIIn component who satisfies
kx − ka + k
2
n
2ka
= 0 (11)
can survive and the others are vanished. This phase-matching relation radically changes the
dephasing distance Ld shown in Fig. 2. Nonetheless in Eq. (5), the phase-matching effect
always reduces the axion’s intensity because k = ω > ka. That is to say the second layout
has a longer dephasing length for a certain selected frequency band and a quicker vanishing
for the dephased components. The selective effect is more suitable for a long-distance axion-
producing scheme. The axion production that corresponding to the fn component is
NIIn =
2V
ρ2
∫ ρ
0
rdrma|ψIIn|2 = NI|fn|2[J1(knρ)]2, (12)
a result obtaining by multiplying a factor onto Eq. (6). The polarization rotation follows
the same relation with axion production.
III. DISCUSSION
To proceed the discussion, we first look into the choice of the probe and then the back-
ground field. From the aspect of the background, the stronger field is always the better. But
from the viewpoint of the probe, there are many calculations needed to be done. As been
pointed out in Section (IIA), the two aforementioned key indices for detection, axion pro-
duction N and the rotation ǫ, are determined by different factors. The latter one is mainly
controlled by the probe’s frequency while the former one is also constrained by χ factor. On
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the one hand shown in Eq. (8), the polarization rotation demands as low probe’s frequency
as possible that differentiates itself from the vacuum birefringence experiment. However, the
methods of polarization measurement and probe’s original purification, or comprehensively
the detector’s sensitivity ǫmin, varies over the frequency spectrum. The microwave maser
and optical laser, providing relatively low frequencies, are challengingly distinguishable over
a very subtle deviation of polarization state [63, 64]. Whereas the XFEL, having a much
higher frequency, can be purified to 10−9 ellipticity for a state-of-the-art experiment [65, 66].
The principles of ellipsometry and the measurement of polarization rotation are basically the
same. On the other hand, to enhance the axion production, apart from the low frequency,
a high-energy rather than a high-power probe that has a high χ should be utilized. In the
choice of probe, one should take the above factors into consideration. To help the readers
have a better perception, we hereby give some representative numerical cases.
We assume the static laser-plasma electric field E0 = 10
12 V cm−1, polarization factor
p = 1/
√
2 (the 45°situation), and axion’s parameter ma = 10
−3 eV, g = 10−11 GeV−1.
Equations (6) and (8) in Section (IIA) tell us that a 1-mJ beam of 1-eV optical laser probe,
containing over 1016 photons, requires 14 meters of interaction to reach 10−6 polarization
rotation. Though the anticipating axion production has already reached 5.3 × 103. In this
case, the rotation is more demanding. But for 1-keV XFEL probe with 1014 photons, a
0.44-meter interaction can achieve 10−9 polarization rotation, while the axion production is
merely 5.0×10−5 (and requires 20-thousand shots or 60 meters for 1 ALP). This is due to a
mismatch between the probe’s photon number and the statistical threshold 2/ǫ2. In another
word, the detective capacity for a certain probe is limited by the shortest “stave”, which
is the rotation for optical laser, and axion production for XFEL probe. Nevertheless, the
strict condition on the interaction length is much loosen for a heavier ALP with stronger
interaction with photons (e.g. ma = 0.1 eV, g = 10
−9 GeV−1), where after a length of 14
mm, optical laser probe can create 10−6 polarization rotation, and 60 mm for the XFEL
that creates 1 ALP.
As for the background fields matching the two layouts in the last section, we look into
some following schemes in laser-plasma interaction, in which the static electric fields have
already been used in acceleration experiments of charged particles like electrons, positrons,
and ions.
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FIG. 3. The scheme’s sketches of the (a) planar and (b) cylindrical models. In (a), the driving
laser is shot on an overdense plasma target then an electric field is formed behind the target, while
a probe beam goes through it and some photons turns into ALPs. In (b), the driving laser is shot
into an underdense plasma and a bubble of electron density is created. The probe which follows the
driving laser will be under the influence of the field in the bubble induced by the charge separation.
A. Electric field in overdense plasma
Mimicking the first layout, Scheme A (Fig. 3a) consists of a quasi-static electric field
within two charged “plates”. When a high-power laser hits on an overdense plasma target,
electrons will be pushed out by pondermotive force, and the ions, relatively heavier, will
remain on their original positions. Between the pushed electrons and the separated ions in
the target, an electric field builds up. If the laser is linear polarized and the target is thick,
only a part of the electrons can be pushed out and form a field with gradient that is also
known as the target-normal-stealth field (TNSF). And when the laser is circular polarized
and hitting target at a right angle, almost all electrons will be pushed out and form a field
between the two charged plates. The field’s strength E0 = Q/S, as an estimation, is at
1012-V-cm−1 level, for Q = 10 nC separated elections in the cross section S = 10 µm2. The
interaction length L should be proportional to the square root of the cross section, in which
case L = 3.2 µm. According to Eqs. (6) and (8) and the fore mentioned statistic limits, the
detectable parameter space for this scheme is constrained in mag
2 > 10−12 eV GeV−2 for
1-eV optical laser and mag
2 > 10−15 eV GeV−2 for 1-keV XFEL probe with 20-thousand
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shots or 10−11 eV GeV−2 in a single shot. Moreover, there is a very high difficulty in the
spatial-temporal synchronization because this kind of field can only last until the ions are
dragged and neutralize it, which happens in pico- to nanoseconds, and in this short time
window, the probe beam should be focused into the gap between the separated electrons
and ions. In this case, highly focused optical laser probe would be unstable and suffer from
interference of plasma that affects its polarization. Using XFEL as the probe here is more
preferable.
B. Electric field in underdense plasma
Relatively easy to be accomplished, Scheme B (Fig. 3b) is based on a laser-driven hollow
structure in plasma. When a short-pulse laser beam enters an omnipresent low-density
target, its pondermotive force pushes electrons ahead and form a wakefield behind. In this
ploughing process, electrons are accumulating on the head of the laser beam and then flow
back to recombine with the almost unmoved ions, during which a bubble of electron density
is blown in the wakefield. In a simple cylindrical model, the static electric field in the bubble
has amplitude and radial profile as
E0 =
e
2
npeρ, fE(r) =
r
ρ
. (13)
Symbol e stands for the electric charge of electron. The plasma density npe should be
near or lower than the critical density ncr = ω
2me/(4πα) which is 7.25 × 1020 cm−3 for
1-eV driver photons (whose wavelength is 1.24 µm) and corresponds to the max E0 =
6.56 × 1011 V cm−1 (in a case where the bubble’s radius ρ = 10 µm). Bearing in mind
that creating a bubble in the critical-density plasma requires a very strong driving laser to
build relativistic transparency for electrons. Assuming the probe laser as a plane wave, i.e.
fB = 1, we calculate the responsivity in Eq. (10b), whose result shows two peaks on the
km-spectrum where m = 1 and 2, and give NII,1 = 0.18NI and NII,2 = 0.15NI . As it has been
mentioned, Eq. (11) gives the phase-matched axion’s ka for different km. If the interaction
sustains for 1 cm in the plasma background, the detectable parameter space is loosen to
mag
2 > 10−18 eV GeV−2 for 1-eV optical laser and mag
2 > 10−21 eV GeV−2 for 1-keV
XFEL probe with 20-thousand shots or 10−17 eV GeV−2 in a single shot. The polarization
of optical laser probe is less affected here than in the overdense case. But the effect during
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the 1-cm accumulation still needs a proper calculation. Nevertheless, the XFEL probe has
a much higher frequency and is more stable than optical probe.
C. Electric field around a charged beam
There is also another widely discussed scheme with a head-to-head collision between
laser and a high-density charged particle (like electron) beam, which can but not necessarily
created in a laser-plasma accelerator. Because of the Lorentz-invariance of Eq. (2), the
axion creation can be observed in the particle-static reference. The axion production, a
Lorentz-scalar quantity, is naturally uninfluenced in the change of reference system. After
a boost transformation, the key parameters are
B′0 = (1 + β)γB0, E
′
0 =
Q
2πργL
, fE(r) =
ρ
r
. (14)
In a practical experiment, the particle beam has its own radial profile such as Gaussian
distribution. While the background field is much like the one in Scheme B if the radius is
much larger than ρ, here we assume the particle beam’s radius is smaller than ρ [resulting
in the fE in Eq. (13)]. And since the result is relative to the product E
′
0B
′
0, the γ factor will
cancel each other in the calculation. Noticing the background’s γxi′ = Q/(2πρ) coefficient
solely depends on electron beam’s radius. If Q = 10 nC and ρ = 10 µm, and for a plane-wave
probe, one peak shows on the km-spectrum where m = 1 and corresponds to NII,1 = 5.5NI.
However, due to the short interaction length in laboratory frame, the detectable parameter
space is no better than the one in Scheme A. It gives mag
2 > 10−10 eV GeV−2 for 1-eV
optical laser and mag
2 > 10−13 eV GeV−2 for 1-keV XFEL probe with 20-thousand shots or
10−9 eV GeV−2 in a single shot. However in this scheme, the states of both kinds of probe’s
polarization are undisturbed.
It should also be mentioned that apart from treating the cylindrical background fields
in Schemes B and C as a whole, it is also plausible to use a localized probe, where pho-
tons are focused on the peak point of background field to maximize the interaction. The
corresponding calculation, however, should follow the planar background field in Section
(IIA).
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IV. CONCLUSION
In this article, we explored the application of electric field created by laser-plasma in-
teraction in the axion’s laboratory verification via an axion-photon-photon process. The
stimulated axion field was calculated under a Lorentz-invariant effective field theory of the
“aγγ” process. We first gave the result of a one-dimensional model following planar-wave
assumption, which is commonly used in many axion detecting experiments. Without the in-
fluence of phase matching, the strength of the stimulated axion field should linearly amplify
over the interacting length and does not discriminate on the ALP’s mass spectrum. To inves-
tigate a more complicate interaction, we introduced a cylindrically symmetric background
field. We found that in the two-dimensional scheme, the phase matching effect concentrated
the signal to a certain range of ALP’s mass. And by tuning the radial profile of background
and probe fields, one could scan over the mass spectrum to locate a possible ALP mass.
Nevertheless, if unified the calculation to the field’s energy (rather than the amplitude as
we did in this article), the planar scheme sets an upper bound to the axion production. The
results of possible range of axion’s mass-coupling coefficient parameter space in a probe’s
polarization detection experiment is given. In the best-case scenario in this article, it is
mag
2 > 10−18 eV GeV−2 in a single shot. Meanwhile, different types of probe have various
characteristics in experiments. For example, optical laser probe can provide abundant axion
production, and the XFEL probe can be very precise in a polarization-detection experiment.
Comparing to the vacuum birefringence experiments, the ellipticity change or polarization
rotation caused by axion is reversely proportional to the probe’s frequency. Comprehen-
sively, XFEL is a better probe than optical laser. As a conclusion, the background field
provided by laser-plasma interaction, which is one of the strongest field one can obtain in
a laboratory, has a strong potential application in the future axion verifying experiments.
The field of strength is gained in the loss of long interaction length. Due to the limit of
probe, it is more practical to conduct experiments for heavier ALPs rather than the QCD
axion.
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